The pre-treatment of mouse L cells with interferon or polyinosinic-polycytidylic acid potentiated the interferon response of these cells to subsequent stimulation with suboptimal doses of polyinosinic-polycytidylic acid. This potentiation was manifested as an earlier production of interferon, a faster attainment of maximum interferon production, and a greater yield of interferon. Pre-treatment of cells with either low (5 units/ml.) or high (Iooo units/ml.) doses of interferon never caused a reduced interferon response to stimulation by polyinosinic-polycytidylic acid. Primary rabbit kidney cells which were pre-treated with interferon (5oo units/ml.) responded to stimulation with polyinosinic-polycytidylic acid in the same manner as did mouse L cells. In contrast, under certain conditions mouse L cells pre-treated with interferon became resistant to stimulation with Newcastle disease virus. The extent of the reduced response depended on the pre-treatment dose of interferon and the stimulating dose of Newcastle disease virus. It was concluded that the presence of interferon and its virus resistant state were not directly correlated with hyporesponsiveness to repeated induction of interferon, at least by rI. rC.
INTRODUCTION
In recent years there has been an increasing interest in the potential value of the interferon system in the treatment of virus diseases in man. The usefulness of this system may be limited by the fact that in animals, and in man, repeated and frequent stimulation with either virus or defined, chemical inducers, has resulted primarily in a decreased production of interferon (hyporesponsiveness). Attempts to elucidate the mechanism(s) of this phenomenon in cultured cells, however, have not been very fruitful Depending on the experimental con, ditions in vitro, either a decreased or an enhanced production of interferon was observed in response to a second inducing stimulus (Isaacs & Burke, I958; Paucker & Boxaca, I967; Friedman, I966; Levy, Buckler & Baron, 1966; Youngner & Hallum, I969; Lockart, I963;  Vilcek & Rada, I96a; Bausek & Merigan, i97o; Billiau, I97o) .
A number of hypotheses on the control of interferon production has been advanced (Ho & Ke, 197o; Vilcek, 197o; Levy et al. 1966; Youngner, 197o; Billiau, 197o; Paucker & Boxaca, I967; Chany, I97o; Friedman, I966; Bausek & Merigan, 197o; Chany & Vignal, I97O ) . These incIude: the feedback control of interferon synthesis or activation of interferon by interferon itself, by the antivirus protein of the interferon system, or by other substances; a modification of either the nature and/or the concentration of the inducer by either degradation or inhibition of its synthesis (viruses); the control of interferon secretion by the ceils; and the control of the expression of the interferon gene(s).
The following in vitro experiments were designed to test the hypothesis that interferon or the product(s) resulting from the treatment of cells with interferon (e.g. antivirus protein) modifies the cellular response to subsequent stimulation with inducers of interferon production. All the evidence presented was obtained from two or more experiments. METHODS Cell cultures. Mouse L cells directly from stock spinner culture and rabbit cells (obtained by trypsin-dispersion of kidneys from NIH New Zealand white rabbits) were grown in I6 × I5O ram. tubes incubated vertically in a CO2 incubator at 37 °. Mouse L cells were seeded into tubes directly from stock spinner cultures. The growth medium for the rabbit kidney cells was Eagle's minimal essential medium plus Io % foetal bovine serum and antibiotics. Confluent monolayers of mouse L cells and rabbit kidney cells contained approximately lO 6.o and m 5"° cells, respectively. The maintenance medium for both cell types was MEM supplemented with 2 % FBS and antibiotics (MEM 2).
Viruses. GD-VII, a murine picornavirus, was propagated and titrated in BHK/2I cells as previously described (Sturman & Tamm, 1966) and contained Io °'9 p.f.u./ml. Vesicular stomatitis virus (VSV) Indiana type (lO 7.5 p.f.u./ml.) was grown in primary chick embryo cells and plaque-assayed in mouse L cells. Newcastle disease virus, HERTS strain (to 9"a p.f.u./ ml.) was grown in the allantoic cavity of 9-day-old embryonated chick eggs and titrated by plaquing in chick embryo cell cultures.
Preparation ofrI. rC. Homopolymers of riboinosinic (rI) and ribocytidylic (rC) acids were purchased from P-L Biochemicals Inc., and annealed to form the synthetic, double-stranded ribonucleic acid, rI. rC as described (duBuy et al. 197o) .
Preparation of mouse and rabbit interferons. Mouse serum interferon was prepared by intravenous inoculation of NDV into 25 g. NIH Swiss white mice as described elsewhere (Baron, Barban & Buckler, I963) . The mouse serum interferon had a titre of lO 4.5 units/ml. in mouse L cells. Rabbit serum interferon was produced by injecting I mg. of rI. rC intravenously into NIH New Zealand white rabbits weighing about i kg (Cathala & Baron, 197o) . The rabbit serum interferon had a titre of Io 4"8 units]ml, in primary rabbit kidney cells.
Interferon assays. Mouse interferon was assayed by the reduction of GD-VII haemagglutinin (HA) yields during a single cycle in mouse L cells (duBuy et al. 197o ). The interferon titre was taken as the reciprocal of the highest dilution of the sample tested which reduced GD-VII HA yields by o'5 log10. A reference mouse serum interferon preparation containing iO "5 units/ml, was always titrated in parallel in each determination. Rabbit interferon was assayed by the VSV yield reduction method as previously described (Finter, I966) .
Experimental procedure. In order to test the interferon production of mouse L cells previously made resistant to virus challenge the following experimental design was used. Sets of two to four tube cultures of cells were exposed to varying concentrations of interferon or to rI. rC plus 5o #g./ml. of DEAE-dextran for 18 to 24 hr at 37 ° (the pre-treatment step). After decanting the medium containing interferon or rI. rC, the cells were washed three times with Earle's balanced salt solution (EBSS) and induced to produce interferon by incubation with rI.rC and Ioo #g./ml. of DEAE-dextran for I or 4 hr, or by infection with NDV for I hr (the stimulation step). The interferon inducers were removed by washing the cells three additional times with EBSS before the cells were fed with MEM2 in place of interferon, rI.rC or NDV. Before interferon determinations, the samples containing NDV were adjusted to pH 2 and kept at 4 ° for 5 days to inactivate virus, while samples containing rI.rC were treated with IOO units T RNAse+ IO #g. pancreatic RNAse/ml. for I hr at 37 °. This treatment completely destroyed the biological activity of rI. rC even in the presence of DEAE-dextran.
RESULTS

Effect of removal of interferon released from cells on continued interferon production
To test the possibility that extracellular interferon might modify interferon production, tube cultures of mouse L cells were exposed to 2/zg./ml. of rI. rC and IOO #g./ml. of DEAEdextran for 4 hr. One set of cultures was incubated for 24 hr before the medium was harvested and tested for interferon yield (method I). From another set of cultures, the medium was harvested and replaced with fresh medium after 4, 8 and I2 hr of incubation and the yields of interferon produced during the time intervals 4 to 8, 8 to 12 and I2 to 24 hr were determined (method 2). The cumulative interferon yield for the 24 hr period was then obtained by summation of the yields produced during each of the individual time periods. The results are shown in Table 1 . A comparison of the amount of interferon found in a single 24 hr sample (5020 units/ml.) with the 24 hr cumulative yield (4300 units/ml.) indicated that the frequent removal of interferon did not result in a significant modification of the total yield of interferon. :~ The amount of interferon produced during each time interval was determined and summed up to obtain the cumulative 24 hr yield.
§ The amount of interferon produced during each time interval was determined and summed up to obtain the cumulative 24 hr yield.
Effect of resistance to virus on interferon production
Since extracellular interferon did not appear to affect interferon production, the possibility was investigated that the intracellular product(s) resulting from treatment of cells with interferon might modulate the production of interferon. Virus resistance was induced in mouse L cells by treatment with mouse serum interferon at concentrations ranging from 5 units/ml, to xooo units]ml. Twenty-four hr after addition of mouse serum interferon (when virus resistance at IOO and I ooo units/ml, had reached a level where the yield of GD-VII HA was reduced by 3 lOglo or more), the cell cultures were exposed to different concentrations of rI. rC and I oo #g./ml. of DEAE-dextran for I or 4 hr. Then, the 24 hr yields of interferon were determined. The amounts of interferon produced by cells pre-treated with mouse serum 3"3 2"5 2"9 2'9 3'I * rI.rC was prepared in serum-free medium and contained in addition IOO #g./ml. of DEAE-dextran.
interferon were equal to, or greater than, the interferon yields from cells not pre-treated with mouse serum interferon (Table 2) . Five units of interferon were as effective as IOO or moo units in enhancing the production of interferon by rI. rC. Higher levels of rI. rC, in general, resulted in slightly higher yields of interferon. In particular, it should be noted that a very high level of virus resistance (or antivirus protein) did not appear to inhibit interferon production in response to rI. rC stimulation. Similar results were obtained with primary rabbit kidney cells exposed to interferon for 24 hr and subsequently treated with rI.rC. It should also be noted that the magnitude of the interferon response was dependent on the duration of exposure of the cells to rI. rC. Finally, it seems likely that the priming effect was due to the interferon in the serum, since a I : 9ooo dilution (5 units of interferon) was active as a primer and since interferon produced by NDV-treated mouse L ceils gave similar results.
The temporal properties of interferon production by cells pre-treated with mouse serum interferon
The data summarized in Table 2 suggested that pre-treatment of ceils with mouse serum interferon potentiated their response to sub-optimal stimulations with rI. rC (e.g. a priming or hyper-responsive effect). To substantiate this observation, mouse L cells were exposed to increasing concentrations of mouse serum interferon (5 units/ml, to IOOO units/ml.) for 24 hr and then treated with 2/zg./ml. of rI. rC and IOO #g./ml. of DEAE-dextran for either I or 4 hr. Controls received medium in place of mouse serum interferon prior to rI.rC stimulation. The interferon yields produced during the time intervals -o to 4, 4 to 8, 8 to I2, and I2 to 24 hr -were determined. Pre-treatment of mouse L cells with any of the mouse serum interferon concentrations used appeared to potentiate the response of these cells to rI.rC stimulation. An evaluation of the temporal properties of interferon production revealed a reduction in the duration of the lag period for the detection of the production of interferon after rI.rC stimulation ( Fig. I a, b) . Similar results were observed in primary rabbit kidney cells. In mouse L cells pre-treated with mouse serum interferon the total yield of interferon was increased by tenfold after stimulation for I hr with 2/*g./ml. of rI.rC and Ioo #g./ml. of DEAE-dextran ( Fig. I a) . The sharpest rise was produced between tile 4th and 8th hr after rI. rC stimulation. This was about 4 hr earlier than in untreated control cells. If the duration of the rI. rC stimulation was extended to 4 hr ( Fig. I b) , pre-treatment with mouse serum interferon resulted in only a reduction in the duration of the lag period. There were no significant differences in the 24 hr yields of interferon and these yields were equivalent to the highest yield obtained after exposure to rI. rC for I hr (Fig. I a) . Thus The cells were pre-treated with varying concentrations of mouse serum interferon for 24 hr, washed, and then exposed to rI. rC 2/*g./ml + DEAE-dextran IOO #g./ml. for I hr. Interferon yields were determined at 4, 8, iz and 24 hr after rI .rC treatment. (b) All conditions were similar to (a) except that the cells were exposed to rI.rC+DEAE-dextran for 4 hr. 0---0, Control, no interferon treatment; A--A, mouse serum interferon 5 units/ml.; O--O, mouse serum interferon IOO units/ml. ; A--A, mouse serum interferon iooo units/ml. 123 cells exposed to mouse serum interferon were able to respond more rapidly and produce more interferon when stimulated with rI. rC for a period of time which did not elicit a maximum interferon response. These observations suggested that in mouse L cells the substance(s) associated with virus resistance hadno inhibitory effect but possibly may have had an enhancing effect or a positive feedback action on interferon production.
The temporal properties of interferon production by rI. rC-treated celia" stimulated with a second dose of rI. rC Bausek & Merigan (197o) and Bitliau (197o) have demonstrated that in cells treated with rI. rC there is a period during which the cells cannot respond maximally to a second dose of rI. rC, i.e. a refractory or hyporesponsive period. Since such a refractory state was not observed in mouse L cells treated sequentially with mouse serum interferon and then rI. rC, our studies were extended to mouse L cells treated with sequential doses of rI. rC.
Mouse L cells were pre-treated with varying concentrations of rI. rC plus 50 #g./ml. of DEAE-dextran for 24 hr and then washed and restimulated with z #g./ml. of rI.rC and IOO #g./ml. of DEAE-dextran for 4 hr. It was previously determined that interferon production ceased 24 hr after the priming dose. The amounts of interferon produced in the 4 to 8, 8 to 12, and IZ to z4 hr intervals after restimulation were then determined. The response of rI. rC-pre-treated mouse L cells (Fig. z) was similar to the response of interferon-pre-treated cells (Fig. I a) to stimulation with rI. rC. The duration of the lag period was reduced and increased interferon production was observed. Likewise, significant interferon production was detected at least 4 hr earlier. Fig. 2 . The temporal development of interferon production by mouse L cells exposed to rl. rC for 24 hr followed by a second exposure for 4 hr. The cells were exposed to increasing concentrations of rI.rC+DEAE-dextran (5o #g./ml.), washed and then exposed again to rI.rC (2#g./ml.)+ DEAE-dextran (IOO #g./ml.) for 4 hr. The cells were then washed and the interferon yields for the following time periods were measured; 4 to 8, 8 to x z, and 12 to 24 hr. Each point represents the total interferon produced up to that time. When mouse L cells were pre-treated for 8 hr instead of 24 hr with rI. rC and 50/zg./ml. of DEAE-dextran, similar results were obtained (Table 3 ). This experiment indicated that cells pre-treated with o-~ #g./ml. of rI: rC and restimulated with 2 #g./ml. of rI. rC produced significantly more interferon between 4 and 8 hr than did cells which were not pre-treated with rI. rC. The first stimulation with o. I #g./ml. of rI. rC only induced trace amounts of interferon; thus, rI. rC is capable of stimulating L cells to produce interferon more rapidly Control of interferon production 125 after stimulation with a suboptimal dose of rI.rC. Similar results were obtained using o'3 #g./ml. of rI.rC although it was necessary to subtract the small amount of interferon produced in response to the priming treatment from the second response. Thus, the increased interferon produced in response to the second stimulation with rI. rC cannot be attributed to the interferon produced in response to the priming event. Even when cells were pre-treated with 1 or 3 #g./ml. of rI. rC for 16 hr, no significant increase or reduction in total interferon production was observed after a second dose of rI. rC although a high level of resistance (greater than 3"6 loglo reduction in GD-VII HA yields) was developed in response to the priming dose of rI. rC.
The occurrence of hyper-responsiveness at o-i/~g.]mI, of rI. rC in the absence of detectable extracellular interferon suggests that this event may be dependent on the intracellular levels of interferon and/or virus resistance. However, since no detectable virus resistance was observed 24 hr after treatment with o-1 #g./ml. of rI. rC, biologically effective amounts of the substance(s) associated with virus resistance are probably not required for the hyperresponsive event. Only a very subtle change, possibly a derepression of the control mechanism for interferon production, may be all that is needed.
The effect of multiple rI. rC treatment on interferon production by mouse L cells
Since a significant inhibition of interferon production by rI. rC-or mouse serum interferon-pre-treated cells in response to stimulation with rI. rC was never observed, the effect of multiple rI. rC treatment on interferon production was investigated in more detail. One set of mouse L cell cultures was stimulated for 1 hr each day for 4 successive days with ro #g./ml. of rI.rC and loo #g.[ml. of DEAE-dextran (a dose adequate to inhibit the production of detectable GD-VII HA by lOOO-fold). Before each rI. rC stimulation, the medium containing the interferon yield of the previous 24 hr was harvested and assayed for interferon content. As controls, cells were treated exactly as were the cells in the test set except that medium treatment was substituted for the pre-treatment with rI. rC. As seen in Table 4 , each z 4 hr interferon yield from cells treated daily with rI. rC was 2. 5 to 5 times greater than the corresponding yield from control cells receiving only a single rI. rC treatment. Thus, interferon production by mouse L cells did not appear to become resistant to rI. rC stimulation even when exposed to multiple doses of this synthetic nucleic acid.
The interferon produced during a given z 4 hr period represented only the interferon produced in response to the rI. rC stimulus immediately preceding the interferon collection period, with little or no contribution from the previous stimulator. This was clearly demonstrated in the following experiment. Mouse L cell cultures were stimulated with IO #g./ml. of rI.rC and IOO #g.[ml. of DEAE-dextran for I hr at zero time and 48 hr later. Medium for interferon assays, however, was collected and replaced with fresh medium at a4 hr intervals. The results summarized in Table 4 , column 3, show that essentially all the interferon was produced within the first 24 hr immediately following each rI.rC stimulation (periods o to 24 hr and 48 to 72 hr). Very little, if any, interferon was produced during the second 24 hr period after rI. rC exposure (periods 24 to 48 hr and 72 to 96 hr). Manipulation of the dose (o.I to io#g.[ml.) and[or the duration of exposure of rI.rC for either pretreatment (8 to 24 hr) or stimulation (I or 4 hr) did not result in any significant paralysis of interferon production by mouse L cells. Thus, under the various conditions tested, these mouse L cells do not appear to develop resistance to stimulation with rI. rC. Neither the early (Bausek & Merigan, 197o) Pre-treatment dose of interferon (units/ml.) Fig. 3 . The effect of NDV and rI .rC on the production of interferon by mouse L cells pre-treated with interferon. The cells were exposed to interferon for 24 hr, washed three times and then exposed to rI.rC or NDV for I hr. The cells were then washed three times and the 24 
Refractoriness of ND V-induced interferon production by mouse L cells pre-treated with mouse serum interferon
Mouse L cells made resistant to virus challenge by prior exposure to interferon have been reported to become refractory to interferon induction with NDV or NDV irradiated with u.v. light (NDV,v) (Isaacs & Burke, 1958; Paucker & Boxaca, I967) . A study was conducted to determine whether our mouse L cells were also capable of developing such a refractive state when similarly treated.
Mouse L cell cultures were incubated with mouse serum interferon at concentrations ranging from o.I unit/ml, to IOOO units/ml, for 24 hr before being stimulated with NDV at a m.o.i, of I or 5o. For comparison, cells which were similarly treated with mouse serum interferon were exposed to z/,g./ml, of rI.rC and IOO #g./ml. of DEAE-dextran for ~ hr.
Control cultures were exposed to medium for 24 hr prior to stimulation with NDV or Control of interJbron production 12 7 rI. rC. Twenty-four hr after stimulation, the media were harvested and the yields of interferon were determined.
Mouse L cells pre-treated with mouse serum interferon at concentrations up to I o units• ml. showed neither a priming effect nor refractoriness to stimulation with NDV at a m.o.i. of I (Fig. 3) . However, when the cells were pre-treated with ioo units/ml, or 5oo units/ml, of mouse serum interferon, a significant reduction in interferon yields was observed. In contrast, an enhancement of interferon production was seen in cells pre-treated with mouse serum interferon concentrations of IO units/ml, or less when stimulated with NDV at the higher m,o.i, of 5o. Only slight inhibition was observed in cells which were pre-treated with tooo units/ml, of mouse serum interferon. When rI.rC was used for the stimulation of mouse serum interferon-pre-treated cells, only a hyper-response was observed. In fact, it appeared that the hyper-responsiveness became greater as the pre-treatment concentrations of mouse serum interferon were increased. Thus, the interferon response of our strain of mouse L cells appears to be dependent on the pre-treatment dose of mouse serum interferon and the nature and dose of the interferon-stimulating agent.
DISCUSSION
The evidence presented demonstrates that interferon and substances such as antivirus protein which are associated with the state of virus resistance do not directly inhibit subsequent interferon production (hyporesponsiveness) in mouse L ceils and in rabbit kidney cells. This interpretation comes from the finding(s) that the induction of interferon or the virus resistant state was frequently not correlated with the development of hyporesponsiveness. Instead, in mouse L cells the induction of virus resistance by interferon or rI. rC always enhanced the ability of the cell to produce interferon in response to subsequent exposure to rI. rC. The enhancing action consisted of an earlier production, a faster attainment of maximum production and often a greater yield of interferon. The hyporesponsive state was never observed in these cells irrespective of the concentration of rI. rC and the frequency of treatment.
When NDV was substituted for rI. rC as the restimulatory substance, however, reduced interferon production (hyporesponsiveness) was observed in interferon-treated cells indicating that hyporesponsiveness could be a function of the inducer used, The degree of hyporesponsiveness was inversely proportional to the m.o.i, of NDV suggesting that the hyporesponsive state was also a function of the concentration of the inducing agent. In addition, the requirement for high concentrations of interferon to induce hyporesponsiveness to NDV stimulation could similarly be due to inhibition of the formation of the inducing component of NDV. Finally, if interferon or naturally occurring inhibitors of interferon production are secreted and act only from an extracellular site, the frequent removal of the medium would have decreased the concentrations of these inhibitors resulting in increased interferon production (Chany, I97O) . Since increased interferon production was not observed when the medium was removed, this possibility is unlikely.
Both enhanced and reduced production of interferon have been previously observed. In cells pre-treated with low or moderate doses of interferon enhanced production of interferon was observed after exposure to either viable or non-viable virus (Isaacs & Burke, I958; Paucker & Boxaca, I967; Friedman, 1966; Levy et al. I966; Lockart, I963) or rI.rC (Bausek & Merigan, I97O; E. Rosztoczy, personal communication) . In cells pre-treated with high concentrations of interferon (Paucker & Boxaca, I967; Friedman, 1966; Youngner & Hallum, I969; Lockart, 1963;  Vileek & Rada, I962; Bausek & Merigan, 197o ) a reduced production of interferon was observed.
In human cells, pre-treatment with rI. rC gave results comparable to those reported here, namely, interferon production in response to stimulation by virus was reduced, while that produced in response to another stimulation by rL rC was increased (Bausek & Merigan, I97O) .
On the other hand, mouse L cells treated with both high and low concentrations of interferon have been reported to produce less interferon when exposed to rI. rC (Youngner & Hallum, I969) . Under the conditions of our experiments, pre-treatment of cells with interferon or rI. rC enhanced the interferon response of mouse L cells to both high and low concentrations of rI. rC. Our results with rI. rC are at variance with those of Youngner & Hallum (I969), and collaborative experiments with these investigators have confirmed this difference but have not revealed the basis for it. The discrepancies among the various findings suggest complex control mechanisms for repeated or continued production of interferon.
